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We have previously shown that chloride channel activities were cell cycle-dependent and were involved
in cell proliferation in nasopharyngeal carcinoma cells. In this study, the expression and roles of volume-
activated chloride channels in cell growth were investigated in the poorly-differentiated human
nasopharyngeal carcinoma cell (CNE-2Z) and its counterpart, the normal human nasopharyngeal
epithelial cell (NP69-SV40T). Consistent with growth ability, the background chloride currents recorded
under isotonic condition, the volume-activated chloride currents induced by 47% hypotonic challenges
- and the hyponinicity-induced regulatory volume decrease (RVD) were much larger in CNE-2Z cells than
Chloride channels . K . . . .
Cell proliferation in NP69-SV40T cells, sgggestmg the up-regulation of expression of volumejactlvated c.hlorlde channels
clc-3 in cancerous cells. This was proved by the up-regulation of CIC-3 proteins, a candidate of volume-
activated chloride channels, in the cancerous cells. Functional inhibition of chloride channel activities by
the chloride channel blockers, 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB) and tamoxifen, and
knock-down of CIC-3 expression by specific CIC-3 siRNA attenuated the background currents,
suppressed the activation of volume-activated chloride currents, decreased the hyponinicity-induced
RVD and inhibited cell growth in the cancerous and normal cells. However, the sensitivities of the
cancerous cells were much higher than that of the normal cells. Our data suggest that volume-activated
chloride channels play a more important role in control cell proliferation in the cancerous cells than in
the normal cells; the growth of cancerous cells is more dependent on the activities of volume-activated
chloride channels than that of the normal cells. CIC-3 protein may be considered as a potential tumor
marker and therapeutic target for human nasopharyngeal carcinoma
© 2011 Elsevier Inc. All rights reserved.
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1. Introduction

Ion channels are membrane proteins controlling massive ion
fluxes across plasma membranes and participating in diverse
physiological events such as excitability, contraction, cell cycle
and metabolism both in health and disease [1]. Recently, studies
suggest that most human neoplastic cells show altered expres-
sion of a variety of ion channels and that these channels exert
different functional roles [2,3]. The physiological expression of
the ether a go-go (EAG) channel is restricted to the brain but it is
frequently and abundantly expressed in many solid tumors,
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thereby making it a promising target for a specific diagnosis and
therapy [4]. In myeloblastic leukemia cells, voltage-gated K*
currents vanished during cell differentiation [5]. The expression
of the adenosine triphosphate (ATP)-sensitive potassium channel
in glioma tissues was greatly increased and down-regulation of
this channel by small interfering RNA (siRNA) inhibited glioma
cell proliferation [6].

Chloride channels express ubiquitously and have been sug-
gested to play a role in cell proliferation [7-13]. In our previous
work, we demonstrated that the expression of volume-activated
chloride current (Igyo) was cell cycle-dependent and cell
proliferation was positively correlated with the level of I, in
poorly-differentiated nasopharyngeal carcinoma cells [14,15].

Although the molecular nature that provide the I, is still
unidentified, evidences, including our own strongly support that
CIC-3, a member of the CIC family of voltage-gated Cl~ channels, is
one such molecular candidate [16-18]. CIC-3 protein expression
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has been found in different cancer cell types, including prostate
cancer epithelial cells [19], PC12 cells [20], glioma cells [21] and
CNE-2Z cells [22]. Our previous work and the data of other
laboratories indicated that expression of CIC-3 was cell cycle
dependent [22]. CIC-3 was a critical regulator of the cell cycle [23].
CIC-3 may play its roles in regulation of cell proliferation by
altering I¢;vo; and RVD [24]. CIC-3 null mice exhibited a complex
phenotype, including poor growth, hippocampal degeneration,
seizures, kyphosis, and retinal blindness [25-27].

Much attention has been paid to the expression and involve-
ment of chloride channels in proliferation in cancer cells. The
immediately arising question was whether chloride channel
expression in tumor cells was a consequence of the abnormal
growth, or whether the channels were necessary for cell
proliferation and play more important role in cancer cells than
in normal cells. This study was performed to evaluate and compare
the expression and functional activities of volume-activated
channels between normal and cancerous nasopharyngeal epithe-
lial cells. We chose two cell lines, NP69-SV40T and CNE-2Z, derived
from normal and carcinoma nasopharyngeal epithelium, which
represent different proliferative capacity and carcinogenic poten-
tial. The CNE-2Z cell line possesses high potential to generate
tumors in host tissues, but the NP69-SV40T cell line is non-
tumorigenic. The NP69-SV40T cell line maintains characteristics of
primary nasopharyngeal epithelial cells such as anchorage-
dependent growth and is frequently used as the normal cell
model of nasopharyngeal epithelial cells [28,29]. In this study,
functional inhibition of chloride channels by channel blockers and
suppression of CIC-3 expression by small interfering RNA are used
to estimate the role of CIC-3 in cell proliferation in the normal and
cancerous cells.

2. Materials and methods
2.1. Cell culture

The poorly differentiated human nasopharyngeal carcinoma
cell line, CNE-2Z, was kindly provided by Professor Weiping Tang
(Department of Pathology, Guangdong Medical College, China).
The immortalized human nasopharyngeal epithelial cell line
(NP69-SV40T), which was derived from the normal nasopharyn-
geal epithelium and established by Tsao et al. [28], was obtained
from Hunan Xiangya Type Culture Collection (Hunan, China). Both
cells were grown in the RPMI 1640 medium supplemented with
10% new-born calf serum (Gibco, Grand Island, USA), 100 units/ml
penicillin G and 100 pg/ml streptomycin (Sigma-Aldrich, St.
Louis, MO, USA)at37 °Cina humidified atmosphere containing 5%
CO,. Cells were seeded in 25-cm? flasks and sub-cultured every
other day.

2.2. Detection of CIC-3 by Western blotting

Cells were washed with ice-cold PBS and lysed with buffer
containing Tris—Cl (50 mM), NaCl (150 mM), NaN5 (0.02%), Nonidet
P-40 (1%), sodium deoxycholate (1%), SDS (0.1%), leupeptin (5 g/
ml) and aprotinin (1 wg/ml). Equal amounts of proteins were
separated by 8% SDS-PAGE, transferred to polyvinylidene-fluoride
(PVDF) membranes (Millipore, Bedford, MA, USA) and incubated
with rabbit anti-CIC-3 primary antibody (1:300, Alomone Labs,
Jerusalem, Israel) and mouse anti-actin antibody (1:1000, Boster
Bio-technology Co., Ltd., Wuhan, China) overnight at 4 °C. Proteins
were visualized with the HRP-linked goat anti-rabbit secondary
antibody (1:1000, Proteintech Group, Inc., Chicago, USA) and the
HRP-linked goat anti-mouse IgG (1:1000, Proteintech Group, Inc.,
Chicago, USA). Final detection was accomplished with Western
blot luminol reagent (Millipore, Bedford, MA, USA). The density of

target bands was quantified by the computer-aided 1D gel analysis
system. CIC-3 immunoreactivity was normalized to (3-actin.

2.3. Immunofluorescence

For immunofluorescence, cells were plated on 6 mm round
glass coverslips and cultured in 24-well plates for 24 h before
fixation with paraformaldehyde (4%) and sucrose (0.12 M) in PBS.
Cells were permeabilized with Triton X-100 (0.3% in PBS) and
blocked with 10% normal sheep serum (Sigma-Aldrich, St. Louis,
MO, USA) in PBS for 45 min. Cells were then covered with the
rabbit anti-CIC-3 primary antibody (1:50, Alomone Labs, Jerusa-
lem, Israel) overnight at 4 °C. Afterwards, the cells were incubated
in FITC conjugated goat anti-rabbit secondary antibody (1:50,
Proteintech Group, Inc., Chicago, USA) and DAPI (5 wg/ml,
Beyotime Institute of Biotechnology, Haimen, China) at room
temperature. Finally, the coverslips with cells were inverted onto
glass slides, sealed with nail varnish and examined by a confocal
microscope (C1 Si, Nikon, Tokyo, Japan). The focus was adjusted
until the peak signal was obtained, then the images were acquired.
To obtain a good signal-to-noise ratio, 4 frames were averaged
before image acquisition. The fluorescence intensity (grey level) of
the fluorescence images of each individual cell was measured by
using NIS-Elements AR image analysis system (Nikon, Tokyo,
Japan).

2.4. Down-regulation of CIC-3 expression by siRNA interference

Compared with that of the antisense technique, the efficiency of
the small RNA interference (siRNA) technique is higher. The
working concentrations of siRNA and transfect reagents used in
siRNA experiments are much lower than those of oligonucleotides
and transfect reagents needed for antisense experiments, resulting
in a lower side effect for the siRNA approach. The application of the
antisense technique has been gradually replaced by the siRNA
approach in recent years. In this study, the small RNA interference
(siRNA) technique was used to knock down CIC-3 expression. The
sequences of siRNA duplexes of 21-nucleotide were: sense, (5'-3')
CAAUGGAUUUCCUGUCAUATT; antisense, (5'-3’) UAUGACAG-
GAAAUCCAUUGTA. The negative control siRNA, that does not
recognize any known target to mammalian genes, was: sense, (5'-
3’) UUC UCC GAA CGU GUC ACG UTT; antisense, (5'-3") ACG UGA
CAC GUU CGG AGA ATT. siRNAs were synthesized and labeled with
FAM carboxyfluorescein by GenePharma (GenePharma.Co., Ltd,
Shanghai, China). The transfection reagent Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA) was used to facilitate siRNA
transfection. Cells were transfected with indicated concentrations
of CIC-3 siRNA or negative control siRNA plus lipofectamine 2000
(1 pl in 500 pl medium for 24-well plate and 0.25 .l in 100 .l
medium for 96-well plate) in serum and antibiotics-free culture
medium for 6 h and incubated in normal RPMI 1640 medium
containing serum at 37 °C in a CO, incubator for 48 h before the
experiments of electrophysiology, immunofluorescence, cell vol-
ume analysis and MTT assay.

2.5. Electrophysiological recordings

For the experiments, the cell suspension was plated onto
round coverslips with a diameter of 22 mm, and incubated at
37 °C for about 1-2 h before being used for current recordings.
The whole-cell mode of the patch clamp technique was used to
measure membrane currents with an EPC-7 amplifier (HEKA,
Darmstadt, Germany). Patch pipettes were manufactured from
standard wall borosilicate glass capillaries with an inner filament
(Clark Electromedical Instruments, Kent, UK) on a two-stage
vertical puller (PB-7, Narishige, Tokyo, Japan) and gave a



326 L. Zhu et al./ Biochemical Pharmacology 83 (2012) 324-334

resistance of 4-5 M{) when filled with the pipette solution. The
liquid junction potential was corrected when the pipette entered
the bath and the access resistance was compensated. The whole
cell capacitance was determined by adjusting and minimizing the
capability transients in response to a 20 mV voltage step. Once
the whole-cell configuration was established, the current-
voltage relationship and time course of the current were obtained
from a series of voltage steps applied repeatedly. Cells were held
at the CI~ equilibrium potential (E¢;; 0 mV) and then stepped
repeatedly to 0, 40 and +80 mV, with a 200 ms duration for each
step and 4 s intervals between steps. To analyze the [-V relationship
in more detail, 1 s voltage steps from —120 mV to +120 mV with an
increment of 20 mV were applied. The command voltages and whole
cell currents were recorded simultaneously on a computer via a
laboratory interface (CED 1401, Cambridge, UK) with a sampling
rate of 3 kHz. The voltage pulse generation, data collection, and
current analysis were performed by the EPC software package (CED,
Cambridge, UK). In analysis of the data collected, all current
measurements were made at 10 ms after the onset of each voltage
step. Current densities were determined by normalizing the whole-
cell current to the membrane capacitance.

2.6. Cell proliferation assays

3-(4,5-Dimethyl-thiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT, Sigma-Aldrich, St. Louis, MO, USA) assay was applied
to assess the effects of chloride channel blocker and CIC-3 siRNA on
cell proliferation. Cells were seeded into 96-well plates at a density
of 5000 cells per well with culture volume of 100 w1 and cultured
for 14 h. The cells were treated with the media containing different
reagents for 24-72 h. 10 .l stock solution of MTT (5 mg/ml) was
added to each well and incubated at 37 °C for 4 h. Medium was
removed, and 100 .1 of DMSO was added into each well to dissolve
the purple formazan crystals. The absorbance (expressed as optical
density, OD) was recorded and quantified at 570 nm by an
automated plate reader (Model 680, BIO-RAD, CA, USA). Results
were standardized using control group values.

2.7. Measurements of cell volume

The coverslip with cells was stuck to the base of a perfusion
chamber and mounted onto an inverted phase-contrast microscope
(Leitz DMIL; Leica Mikroskopie und Systeme GmbH, Wetzlar,
Germany). The bath volume was 0.2 ml and solution was supplied
by continuous perfusion with an inflow rate of 2 ml/min. All
experiments were carried out at room temperature (24-26 °C). Cell
images were captured every 30s by a CCD digital camera (Mono
CCD625, Leica, Wetzlar, Germany) that was connected to the
microscope and stored directly onto the computer. The acquisition
of cell images was controlled by the Quantimet Q500MC image
processor, and the images of each individual cell (except the cells with
unclear edges) were later analyzed by the imaging software (Leica,
Wetzlar, Germany). The cell volume was calculated from cell
diameters (d) with the equation V=4/37 x (d/2)>. RVD was
calculated as follows: RVD (%) = (Vimax — Vimin)/(Vimax — Vo) x 100%,
where Vj is the cell volume in isotonic solution before hypotonic
shocks, Vinax the peak volume in hypotonic solutions, Vi, the volume
before returning to isotonic solution. Cell volume was standardized to
the time point before exposed to the hypotonic solution.

2.8. Solutions

The pipette solution contained (in mM): 70 N-methyl-p-
glucamine chloride (NMDG-Cl), 1.2 MgCl,, 10 HEPES, 1 EGTA, 140
p-mannitol and 2 ATP. The isotonic bath solution contained (in mM):
70 NacCl, 0.5 MgCl,, 2 CaCl,, 10 HEPES and 140 p-mannitol. The

osmolarity of pipette and isotonic bath solutions was adjusted to
300 mOsmol/L with p-mannitol, and the osmolarity of solutions was
measured with a freezing-point osmometer (OSMOMAT 030;
Gonotec GmbH, Berlin, Germany). 47% hypotonic solution was
obtained by omitting 140 p-mannitol from the isotonic bath solution
with the osmolarity of 160 mOsmol/L. The pH of the pipette and bath
solutions was adjusted to 7.25 and 7.4, respectively, with 1 M Tris-
base. The chloride channel blockers, 5-nitro-2-(3-phenylpropyla-
mino) benzoic acid (NPPB) and tamoxifen were dissolved in
dimethyl sulfoxide (DMSO) and methanol at the concentration of
100 mM and 50 mM, respectively, and diluted to the indicated final
concentrations with bath solutions. All chemicals were obtained
from Sigma (Sigma-Aldrich, St. Louis, MO, USA).

2.9. Statistics

Data were expressed as mean =+ standard error (number of
observations) and were analyzed using the analysis of variance
(ANOVA). P < 0.05 was considered significant. All experiments were
repeated at least 3 times.

3. Results

3.1. Differential growth ability and contribution of chloride channels
in control of cell growth in normal and cancerous nasopharyngeal
epithelial cells

Fig. 1A shows that both cells grew well in the medium, but the
normal nasopharyngeal epithelial cell, NP69-SV40T, proliferated
much slower than the cancerous cells, CNE-2Z. Further experiments
indicated that the growth of both cells was inhibited by the chloride
channel blockers, NPPB (Fig. 1B-D) and tamoxifen (Fig. 1B, E and F).
However, the cancerous cells were more sensitive to the blockers
than the normal cells. 72 h after incubation in the culture medium
with 100 wM NPPB, cell growth was inhibited by 13.3 + 2.3% in
NP69-SV40T cells (P < 0.01, n=3) and by 51.9 + 2.6% in CNE-2Z cells
(P < 0.01, n=3). The inhibitory effect of tamoxfen (20 wM) on cell
growth was stronger than that of NPPB, with the inhibition rates of
45.5 + 5.8% in NP69-SV40T cells (P < 0.01, n=3) and 89.8 &+ 6.1% in
CNE-2Z cells (P < 0.01, n = 3). The results suggest that the activities of
chloride channels or the roles of chloride channels in regulation of
proliferation are different between the two cells.

3.2. Increased chloride currents in nasopharyngeal carcinoma cells

To evaluate the activities of the chloride channels in the normal
and cancerous nasopharyngeal cells, whole-cell chloride currents
were recorded in NP69-SV40T and CNE-2Z cells. The results showed
that both cells exhibited background chloride currents in the
isotonic condition and the currents could be activated further by
extracellular applications of 47% hypotonic challenges (Fig. 2A and
B). The hypotonicity-activated chloride currents were inhibited by
the cell shrinkage induced by 47% hypertonic bath solution,
indicating that the chloride currents were volume-sensitive.

However, further analysis indicated that current densities were
different between the two cells. Both the background chloride
current and the hypotonicity-activated chloride current in the
normal cell (NP69-SV40T) were smaller than those in the
cancerous cell (CNE-2Z) (Fig. 2B). The current densities of
background and hypotonicity-activated chloride currents at
+80 mV were 7.2 + 1.7 and 41.8 + 4.7 pA/pF in NP69-SV40T cells
(n=9) and were 14.1 & 2.2 and 83.1 & 10.6 pA/pF in CNE-2Z (n =9).
The results indicated that the functional expression of volume-
activated chloride channels was up-regulated in the cancerous cells.

In both cells, the background and hypotonicity-activated
chloride currents could be inhibited by the chloride channel
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Fig. 1. Growth ability of NP69-SV40T and CNE-2Z cells in the normal culture medium and inhibition of cell proliferation by the chloride channel blockers NPPB and tamoxifen.
Cells were cultured in 96-well culture plates (at a density of 3000 cells/well) in the normal medium overnight (about 16-18 h) and then incubated in the control medium or in
the medium containing NPPB (50 and 100 wM) or tamoxifen (10 and 20 M) for 72 h. The relative cell number was detected by the MTT assay and expressed with OD (optical
density) values. (A) Shows the comparison of cell growth by standardized OD values at different time points between NP69-SV40T and CNE-2Z cells. (B-F) Present the
inhibition of cell growth by NPPB and tamoxifen in the two cell lines. The data in the figures are the mean =+ standard error of 3 experiments. **P < 0.01 (vs NP69-SV40T).

blockers NPPB (100 wM) and tamoxifen (20 uM), as shown in
Fig. 2C and F. Furthermore, the sensitivity of background and
hypotonicity-activated currents to the chloride channel blockers
was different between the two cells. The inhibition of the
background and hypotonicity-activated currents at +80 mV in
NP69-SV40T was slightly lower than those in CNE-2Z cells. In both
cells, the inhibitory effect of tamoxifen (20 wM) was stronger than
that of NPPB (100 M).

3.3. Enhancement of regulatory volume decrease (RVD) in
nasopharyngeal carcinoma cells

In our previous work, we demonstrated that volume-activated
chloride channels play a pivotal role in the process of regulatory

cell volume decrease (RVD) [30]. Here, we compared the RVD
capability between the normal (NP69-SV40T) and cancerous (CNE-
27) cells. The overall process of volume changes induced by 47%
hypotonic solution in NP69-SV40T cells was similar to that in CNE-
2Z cells. Following the 47% hypotonic stress, cell swelled
immediately and then cell volume decreased gradually towards
normal levels (Fig. 3). However, the extent of volume recovery was
significantly different. The capability of RVD in CNE-2Z cells
(58.3 +5.8%, 45 cells in 5 experiments) was significantly higher than
that in NP69-SV40T cells (20.1 + 6.7%, 89 cells in 6 experiments)
(P < 0.01, Fig. 3A and B).

The chloride channel blockers NPPB and tamoxifen could
inhibit the hypotonicity-induced RVD in both the normal and
cancerous cells. As shown in Fig. 3C and D, the RVD induced
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Fig. 2. Whole-cell chloride currents in CNE-2Z and NP69-SV40T cells. The voltage was held at 0 mV and then stepped repeatedly to 0, 40 and +£80 mV with an interval of 4 s

between steps. (A) Typical time-courses of chloride currents recorded in the isotonic (ISO),

47% hypotonic (47% HYPO) and 47% hypertonic (47% HYPER) bath solutions in NP69-

SV40T and CNE-2Z cells. (B) Mean densities of the chloride currents recorded at 80 mV under isotonic, hypotonic and hypertonic conditions. (C and D) Typical current traces (C)

and mean densities at £80 mV (D) of the background currents in the isotonic solution and
(20 wM) on the currents. (E and F) Typical current traces (E) and mean densities at +80 mV

the inhibitory effects of the chloride channel blockers NPPB (100 M) and tamoxifen
(F) of the currents activated by 47% hypotonic challenges and the inhibitory effects of

NPPB (100 wM) and tamoxifen (20 wM) on the currents. The data in B, D and F are mean =+ standard error of 5-9 cells. *P < 0.05; **P < 0.01 (vs control).

by 47% hypotonic solution were inhibited significantly by
100 .M NPPB by 50.8 +£8.4% (39 cells in 3 experiments,
P <0.01) in NP69-SV40T cells and 61.2 +7.8% (30 cells in 4
experiments, P < 0.01) in CNE-2Z cells. Further analysis indicated
that additions of NPPB into the isotonic solution swelled both cells
slightly (Fig. 3E). However, NPPB-induced cell swelling was
stronger in CNE-2Z cells than in NP69-SV40T cells under
normotonic conditions, suggesting that the activities of chloride

channels in the normal isotonic condition were higher in cancerous
cells than in normal cells. Tamoxifen (20 M) could also affect the
cell volume wunder the isotonic condition and inhibit the
hypotonicity-induced RVD, but the effect was stronger than that
of NPPB (Fig. 3F-H). The RVD was inhibited significantly by
tamoxifen by 64.7 +9.7% (21 cells in 3 experiments, P < 0.01) in
NP69-SV40T cells and 82.3 +8.4% (26 cells in 3 experiments,
P <0.01) in CNE-2Z cells.
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Fig. 3. Differential capability of regulatory volume decrease (RVD) and responses of cells to the chloride channel blockers NPPB and tamoxifen in NP69-SV40T and CNE-2Z
cells. A presents the cell images taken in the isotonic solution (ISO) and in 47% hypotonic bath solution for 3 min (HYPO 3 min) and 25 min (HYPO 25 min) in NP69-SV40T

(upper row) and CNE-2Z cells (lower row). (B) The RVD capacity in the hypotonic bath so

lution. (C, D and F, G) The changes of cell volume in the isotonic and hypotonic bath

solutions without (control) or with 100 uM NPPB (NPPB) or 20 .M tamoxifen (tamoxifen) in NP69-SV40T and CNE-2Z cells, respectively. (E and H) The changes of cell volume
induced by 100 wM NPPB (E) and 20 wM tamoxifen (H) under isotonic conditions. Note the higher sensitivity of CNE-2Z cells to NPPB and tamoxifen, compared with NP69-
SVA40T cells. The data in (B)-(H) are mean = standard error of 21-89 cells. *P < 0.05; **P < 0.01 (vs NP69-SV40T).

3.4. Up-regulation of endogenous CIC-3 protein expression in
nasopharyngeal carcinoma cells

The above results indicated that the functional activities of
volume-sensitive chloride channels were up-regulated in naso-
pharyngeal carcinoma cells. To study further, the endogenous
expression of CIC-3 protein, a candidate of the volume-activated
chloride channel, was detected by Western blot and immunofluo-
rescent analysis in NP69-SV40T and CNE-2Z cells using an
antibody directed against CIC-3. The results of Western blot

analysis showed that CIC-3 protein was expressed in both cell lines
(Fig. 4A), but the expression level was significantly higher in CNE-
2Z cells than in NP69-SV40T cells. Densitometric analysis indicated
that the expression level of CIC-3 protein in CNE-2Z cells was
1.68 + 0.44 folds of that in NP69-SV40T cells (n = 3, P < 0.01, Fig. 4B).
The up-regulation of endogenous CIC-3 protein expression in CNE-2Z
cells was further confirmed by immunofluorescent analysis using
confocal microscopy (Fig. 5A). The CIC-3 immunofluorescence was
detectable in both cell lines. However, the fluorescence in CNE-2Z
cells was much stronger than that in NP69-SV40T cells. Analysis of
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Fig. 4. CIC-3 protein expression in NP69-SV40T and CNE-2Z cells. The representative Western blotting for CIC-3 protein expression is presented in (A). Densitometry
quantification of CIC-3 protein expression (intensity ratio of CIC-3 to 3-actin) is shown in (B) (mean =+ standard error, n = 3). **P < 0.01 (vs NP69-SV40T).

immunofluorescent distribution indicated that CIC-3 proteins were
located inside the cells, especially in the nuclei, as well as on the cell
membrane.

3.5. Roles of CIC-3 proteins in activation of volume-activated chloride
currents in normal and cancerous nasopharyngeal epithelial cells

To clarify the roles of CIC-3 proteins in activation of volume-
activated chloride currents in normal and cancerous nasopharyn-
geal epithelial cells, the effects of knock down of CIC-3 expression
on activation of volume-activated chloride currents were exam-
ined in NP69-SV40T and CNE-2Z cells. Specific CIC-3 siRNA was
used to knock down the expression of CIC-3 proteins. Cells were
treated with 100 nM CIC-3 siRNA or control siRNA in the presence
of the transfection reagent lipofectamine 2000 for 48 h. The results
showed that incubation of cells with specific CIC-3 siRNA
successfully knocked down the expression of CIC-3 proteins in
both cells (Fig. 5A). The nonsense control siRNA did not alter the
expression of CIC-3 proteins.

To recognize the cells that were successfully transfected, CIC-
3 siRNA and nonsense control siRNA were labeled with
fluorescent FAM. FAM fluorescence in cells was detected with
a florescent microscope. The results indicated that siRNA was
successfully taken up by most of the CNE-2Z and NP69-SV40T
cells (Fig. 5B).

48 h after treatments with 100 nM CIC-3 siRNA or nonsense
control siRNA, the changes of whole cell chloride currents in the
cells with fluorescence, indicating successful transfection of siRNA,
were examined by the patch clamp technique (Fig. 6A). The
treatments with nonsense control siRNA did not significantly affect
the background chloride currents recorded under isotonic condi-
tions and the volume-activated chloride currents induced by 47%
hypotonic bath solution in the NP69-SV40T and CNE-2Z cells.
However, the background and volume-activated chloride currents
were significantly attenuated in the cells treated with specific CIC-
3 siRNA.

With nonsense siRNA, the mean densities of background
chloride currents in NP69-SV40T and CNE-2Z cells were
79+19 (n=11) and 10.9 + 1.6 pA/pF (n=9) at +80 mV. In the
presence of specific CIC-3 siRNA, the currents decreased to
4.7 + 09 pA/pF in NP69-SV40T cells (n=10, P<0.01) and
3.2 +£ 0.7 pA/pF in CNE-2Z cells (n=12, P < 0.01). The inhibition of
background chloride currents in NP69-SV40T and CNE-2Z cells was
40.5% and 70.6%, respectively (Fig. 6A and B).

CIC-3 siRNA treatments not only decreased background
chloride currents, but also inhibited the chloride currents induced
by 47% hypotonic solution. The whole cell recordings showed that
the hypotonicity-activated chloride current in CNE-2Z cells was

inhibited by CIC-3 siRNA by 57% (from 80.5 + 6.7 pA/pF to
34.6 £5.1 pA/pF at +80mV, n=9, 12, P<0.01), while that in
NP69-SV40T cells only by 18.7% (from 40.14 4.3 pA/pF to
32.6 + 4.3 pA/pF; n=11, 10, P<0.01) (Fig. 6A and C). The above
results indicated that the effect of CIC-3 siRNA was more pronounced
in cancerous cells than in normal cells.

3.6. Effects of knock-down of CIC-3 protein expression on regulatory
volume decrease (RVD) of normal and cancerous nasopharyngeal
epithelial cells

Cells were treated with 100 nM CIC-3 siRNA or control siRNA in
the presence of the transfection reagent lipofectamine 2000 for
48 h. The results showed that incubation of cells with specific CIC-3
siRNA significantly inhibited the RVD induced by 47% hypotonic
challenges in NP69-SV40T and CNE-2Z cells (Fig. 7). However, the
inhibitory effect of CIC-3 siRNA treatments on the hypotonicity-
induced RVD in CNE-2Z cells was significantly stronger than that in
NP69-SV40T cells. Compared to the control, the capacity of RVD
was decreased by 26.6% in NP69-SV40T cells (from 23.3 + 5.4% to
17.1 £5.2%, 21 cells in 3 experiments) and by 70.5% in CNE-2Z cells
(from 51.6 + 4.8% to 15.2 +4.4%, 20 cells in 3 experiments). The
treatments with the nonsense control siRNA did not significantly
change the RVD process in both cells. In the experiments, only the
cells with fluorescence, indicating successful transfection of siRNA,
were selected for RVD measurements.

3.7. Effect of knock-down of CIC-3 protein expression on proliferation
of normal and cancerous nasopharyngeal epithelial cells

The effects of knock-down of CIC-3 protein expression by CIC-
3 siRNA on cell proliferation were detected by MTT assay. Cells
were treated with CIC-3 siRNA or control siRNA in the presence of
the transfection reagent lipofectamine 2000 for 48 h. The results
clearly indicated that proliferation of CNE-2Z cells was inhibited
by CIC-3 siRNA in a dose-dependent manner (Fig. 8). Proliferation
of NP69-SV40T cells was also suppressed by CIC-3 siRNA
treatments. However, sensitivity of the two cell lines to CIC-3
siRNA was different. The inhibitory effect was much weaker in
NP69-SV40T cells than in CNE-2Z cells. 48 h treatments with CIC-
3 siRNA (100 nM) inhibited proliferation of CNE-2Z cells by
46.1 +5.8% (n = 3), while cell proliferation was suppressed only by
25.3 +£4.6% (n = 3) in NP69-SV40T cells. The results suggest that the
proliferation of cancer cells is more dependent on CIC-3 protein
expression than that of normal cells. The treatments with 100 nM
control siRNA in the presence of the transfection reagent lipofecta-
mine 2000 for 48 h did not significantly affect proliferation of
both cells.



L. Zhu et al./Biochemical Pharmacology 83 (2012) 324-334 331

A NP69-SV40T
|

|
Nonsense siRNA CIC-3siRNA

CiC-3

DAPI

Merged

B Control

NP69-SV40T

CNE-2Z

CNE-2Z
[ |
Nonsense siRNA CIC-3siRNA

--

Nonsense siRNA

CIC-3 siRNA

Fig. 5. Endogenous expression and knock-down of expression of CIC-3 by CIC-3 siRNA in CNE-2Z and NP69-SV40T cells. Cells were treated with 100 nM CIC-3 siRNA or
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4. Discussion

In this study, the NP69-SV40T cell, a cell line derived from the
normal human nasopharyngeal epithelium, and the CNE-2Z cell, a
cell line developed from the human poorly differentiated
nasopharyngeal epithelial carcinoma, were used. These two cell
lines represent different carcinogenic potential. We found that the
functional activities and expression of volume-sensitive chloride
channels were different between the normal epithelial cells and
the cancerous cells; proliferation of cancerous cells was more
dependent on the activities of volume-sensitive chloride channels.

We found first that the CNE-2Z cell, with higher growth ability, was
more sensitive to the chloride channel blockers NPPB and tamoxifen
than the NP69-SV40T cell, which proliferated slower. The blockers
inhibited the growth of both cells, but the degree of inhibition in the
cancerous CNE-2Z cell was much higher than that in the normal NP69-
SVAO0T cell. The result suggests that the functional activities or the
expression of chloride channels were up-regulated in cancerous cells
and chloride channels play a much more important role in controlling

cancerous cell proliferation. The up-regulation of chloride channel
activities and expression was confirmed by our further experiments. It
was found that the hypotonicity-activated chloride currents, repre-
senting the functional activities of the volume-activated chloride
channels, and the capability of regulatory volume decrease, which is
associated with the activation of the chloride channels, were all more
pronounced in CNE-2Z cells than in NP69-SV40T cells. It was also
proved by us that the basic activities of chloride channels were
elevated in the cancerous cells under the normal isotonic condition.
We found that the background chloride current was larger in CNE-2Z
cells. Suppression of the background current by the chloride channel
blockers NPPB and tamoxifen led to an increase of cell volume in both
cells, but the impact of the blockers on CNE-2Z cells was greater.
Moreover, the endogenous expression of CIC-3 protein, a candidate of
volume-activated chloride channels, was up-regulated in CNE-2Z
cells. All these data indicate that chloride channel activities and
expression are up-regulated in cancerous cells.

What is the significance of up-regulation of chloride channel
activities? We found that functional blockages of chloride channels
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by the chloride channel inhibitors NPPB and tamoxifen or silencing
of chloride channel expression by CIC-3 siRNA significantly
inhibited the proliferation of CNE-2Z cells, but only slightly
affected the growth of NP69-SV40T cells. Ion channels have been
suggested to be related with cancer development [31]. Our
previous work demonstrated that the activities of volume-
activated chloride channels and the expression of CIC-3 chloride

channels were cell cycle-dependent [14,22]; cell proliferation was
positively correlated with the level of volume-activated Cl—
currents and RVD [15]; suppression of CIC-3 channel expression
reduces nasopharyngeal carcinoma cell migration [32]. It has also
been reported by others that proliferating cells express high levels
of CIC-3 proteins [19,33,34]. These data suggest that chloride
channels play important roles in growth of cancerous cells and
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Fig. 7. Inhibition of RVD by silencing of CIC-3 expression in NP69-SV40T and CNE-2Z cells. (A and B) The changes of cell volume in the isotonic and hypotonic bath solutions
when treated with negative control siRNA (nonsense siRNA, 100 nM) or with CIC-3 siRNA (CIC-3 siRNA, 100 nM) for 48 h in NP69-SV40T (n = 18 and 21) and CNE-2Z cells
(n =16 and 20), respectively. (C) The RVD capacity of both cells after treated with nonsense siRNA or CIC-3 siRNAfor 48 h. Note the higher sensitivity of CNE-2Z cells to the CIC-
3 treatment, compared with NP69-SV40T cells. The data in the figures are mean + standard error of 16-21 cells. *P < 0.05, **P < 0.01 (vs nonsense siRNA).
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Fig. 8. Inhibition of cell proliferation by CIC-3 siRNA in NP69-SV40T and CNE-2Z
cells. Cells were incubated in the medium containing the transfection reagent
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with 10, 50 and 100 nM CIC-3 siRNA or 100 nM nonsense siRNA in the presence of
lipofectamine 2000 for 48 h. CIC-3 siRNA inhibited dose-dependent cell
proliferation in both cells, but CNE-2Z cells were more sensitive to the
treatments (mean =+ standard error, n = 3). **P < 0.01 (vs NP69-SV40T).

may contribute to the development of cancers. Chloride channels
may become new targets of chemotherapy.

Why should cancerous cells up-regulate the expression of
volume-sensitive chloride channels? The maintenance of cell
volume is a fundamental property of mammalian cells. Metabo-
lism, mitosis, cell growth and migration necessarily perturb the
cell volume homeostasis and thus mechanisms need to be in
place to compensate for these imbalances [2,3]. Many studies
including our own demonstrated that activation of volume-
activated chloride channels is a key mechanism for RVD
[21,30,35]. In the present study, we found that RVD capability
was enhanced in cancerous cells together with the up-regulation
of expression of volume-activated chloride channels. These
additional chloride channels improve RVD, which helps cells to
survive the harsh changes occurring during rapid proliferation.
RVD may ensure that concentrations of critical factors are
maintained, including cyclin/cyclin dependent kinase (CDK) and
other important factors needed for regulating cell cycle
progression [36,37]. The involvement of chloride channels in
maintenance of cell volume under normotonic conditions was
confirmed by us previously [36] and in this study by the evidence
that inhibition of background chloride currents by the chloride
channel blockers NPPB and tamoxifen significantly increased cell
volume, especially in cancerous cells.

Chloride channels may also regulate cell proliferation by
affecting the expression of cell cycle regulators or by regulating
the intracellular pH and ion concentrations. It was reported that
silencing of CIC-3 expression down-regulates expression of the cell
cycle regulators, cyclin D1 and cyclin E, and inhibits cell
proliferation and cell cycle progress [38]. It has been demonstrated
by us and others that CIC-3 proteins distribute mainly in nuclei and
intracellular vesicles, as well as on the cell membrane [26]; CIC-3 is
involved in regulation of intracellular compartment or endosomal
acidification and chloride accumulation [39,40]. Another possible
mechanism for the action of chloride channels is their involvement
in regulation of cytoplasmatic condensation prior to cell division. It
has been shown that cytoplasmic condensation (also called
premitotic condensation, PMC) is an obligatory step in cell
replication and is linked to chromatin condensation; PMC is
dependent on CIC-3 channel function [23].

In this study, the inhibition percentages of the background and
hypotonicity-activated currents caused by the chloride channel
blockers NPPB and tamoxifen were slightly higher in CNE-2Z cells
than in NP69-SV40T cells. This result implies that there is a greater
portion of current independent of NPPB or tamoxifen-sensitive
channels contributing to the signal in normal cells when compared
to cancerous cells. The blocker-insensitive portion of the currents
may be non-chloride background currents or may be produced by
the activities of NPPB and tamoxifen-insensitive chloride channels.
Comparisons of siRNA effects with those of chloride channel
blockers in CNE-2Z and NP69-SV40T cells indicated that the
difference of current inhibition (including inhibition of background
and hypotonicity-activated currents) between the two cells were
more important in siRNA experiments than in channel blocker
experiments. In siRNA experiments, the effects of siRNA on
cancerous were much stronger than those on normal cells. In the
blocker experiments, the effects of chloride channel blockers NPPB
and tamoxifen on the cancerous cells were only slightly higher
than those on normal cells. These results suggest that there are
more non-CIC3 chloride currents in normal cells although we
cannot exclude the existence of non-CIC3 chloride currents in
cancerous cells. We also showed previously that CIC-3 antisense
oligonucleotides inhibited CNE-2Z cell proliferation and chloride
currents. The inhibition rates were similar to those in this study,
but the working concentrations of antisense oligonucleotides were
much higher than those of siRNA.

As a summary, the functional activities and expression of
volume-activated chloride channels are different between the
cancerous nasopharyngeal epithelial cell CNE-2Z and its counter-
part, the normal nasopharyngeal epithelial cell NP69-SV40T. The
activities and expression of the chloride channels are up-regulated
in the cancerous cells. Functional blockages of chloride channels or
silencing of the expression of CIC-3, a candidate of volume-
activated chloride channels, inhibited the proliferation of the
cancerous and normal nasopharyngeal epithelial cells, but the
cancerous cells are far more sensitive to the treatments than the
normal cells. Our results strongly suggest that the activation of
volume-activated chloride channels is associated with malignant
behaviors of human nasopharyngeal epithelial cells; CIC-3 chloride
channel may be considered as a potential tumor marker and
therapeutic target for human nasopharyngeal carcinoma.
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